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Abstract:  
To decrease the temperature coefficients of sintered Nd-Fe-B magnets, the influencing 
factors on temperature coefficients, especially the reversible temperature coefficient β of 
intrinsic coercivity Hcj, were analyzed. The results showed that the absolute value of β 
decreased with increasing Hcj and also the ratio of microstructure parameter c to Neff, 
indicating that the increase of magnetocrystalline anisotropy field HA and c/Neff can 
effectively decrease the absolute value of β. On the basis of this analysis, a sintered Nd-Fe-B 
magnet with a low temperature coefficient of Hcj was fabricated through composition design, 
and the value of β was only -0.385 %/
 оC in the temperature interval of 20-150
оC .  
Keywords: Sintered Nd-Fe-B magnets; Analysis of influencing factors; Magnetic properties; 
Low temperature coefficient β 
 
 
 
1. Introduction 
 
  Due to remarkable magnetic properties, sintered Nd-Fe-B magnets have been used 
extensively. The experimental value of the maximum energy product of Nd-Fe-B magnet has 
reached 474 kJ/m
3 [1]. However, the thermal stability is quite bad, and therefore limits further 
application of Nd-Fe-B magnet at high temperature. In order to overcome the deficiency of 
Nd-Fe-B magnets, besides the higher coercivity, the lower irreversible temperature 
coefficients of intrinsic coercivity Hcj and remanence Jr and Br, corresponding to β and α 
respectively, are both essential, especially the former one. Previous reports have shown that 
the substitution of heavy rare-earth element Dy for Nd effectively decreases the absolute 
value of β, because of the increase of anisotropy field HA and hence Hcj [2, 3]. Another 
method is to add structure-modifying elements, such as Al, Cu, Ga, Nb, Zr, Ti, V and Mo etc 
[4-7]. The elements Al, Cu and Ga with a low melting point mainly affect the wetting 
behavior of the liquid Nd-rich phase during sintering and thus smooth the grain boundaries 
[8]. Differently Nb, Zr, Ti, V and Mo elements basically refine and regulate Nd2Fe14B grains 
[7, 9]. Both can improve Hcj through optimizing microstructure, and thereby reducing β. 
Moreover, α is inversely related to the Curie temperature Tc, so Co addition has been testified 
to be an effective method to decrease α [7]. 
  In this paper, the relationship between β and Hcj was investigated, and the effects of 
microstructure parameter c and Neff  on  β were quantitatively analyzed according to the 
nucleation field model. Based on this, a sintered Nd-Fe-B magnet with low temperature X.G.Cui  et al. /Science of Sintering, 41 (2009) 91-99 
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coefficient was fabricated through combined addition of Dy, Co, Cu, Al, Ga and Nb. 
 
 
2. Design of a sintered Nd-Fe-B magnet with a low temperature coefficient 
2.1. Analysis of influencing factors on the temperature coefficient β 
 
  In order to fabricate a low temperature coefficient magnet, the relationship between 
the reversible temperature coefficient β and intrinsic coercivity Hcj must be first determined. 
Therefore, magnets with different Hcj were fabricated, and the relationship between Hcj and β 
in the temperature interval of 20-100
oC was investigated, as shown in Fig. 1. It can be found 
that, with increasing Hcj, the absolute value of β linearly decreased, demonstrating that the 
thermal stability was improved. Ramesh reported that Hcj was increased monotonically with 
effective magnetocrystalline anisotropy field   [10], so it can be deduced that the addition 
of heavy rare earth element Dy or Tb with higher anisotropy field H
eff
A H
A can effectively decrease 
the absolute value of β. 
 
 
 
Fig. 1 Relationship between intrinsic coercivity Hcj and the reversible temperature coefficient 
β in the temperature interval of 20-100
oC. 
 
  On the other hand, Hcj is also a structure-sensitive parameter, so besides the 
magnetocrystalline anisotropy field HA, the microstructure is likewise an important 
influencing factor of Hcj and consequently β. In order to obtain the quantitative effect of the 
microstructure on β, the relationship between β and microstructure parameter c and Neff was 
analyzed by the nucleation filed model using a modified Brown formula [11]. The nucleation 
field can be given by 
    0c j 0A e f f s () () () HT cHT NJT μ μ =−                                (1) 
where c and Neff are both constants. c varies with the grain size, Neff varies with the 
smoothness of grain boundaries. μ0HA and Js are magnetocrystalline anisotropy field and 
saturation magnetic polarization of Nd2Fe14B phase, respectively. T is the temperature. The 
temperature coefficient of intrinsic coercivity is defined as 
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After simplification 
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where HA(T1) and Js(T1) are anisotropy field and saturation magnetic polarization of Nd2Fe14B 
at T1, with the value of approximately 6.7 T and 1.6 T at 25
oC [12], respectively. 
A H β and 
s J α are the reversible temperature coefficient of anisotropy field and saturation magnetic 
polarization of Nd2Fe14B, with the value of approximately -0.24 % and -0.13 % at 25-150
oC 
[13], respectively. Therefore, the relationship between β and c/Neff at 25-150
oC can obtained 
as 
 
eff
eff
1.608 0.208
100%
6.7 1.6
cN
cN
β
−+
=×
−
                                    (5) 
Generally, c ranges from 0.2-0.5, Neff ranges from 0.8-1.7 [6], so the c/Neff value is defined to 
vary from 0.3-0.5 in the following quantitative characterization. Fig. 2 quantitatively 
demonstrates the relationship between β and c/Neff. The results show that with increasing 
c/Neff, the absolute value of β is gradually decreased, suggesting an improvement of thermal 
stability. 
 
 
Fig. 2 Relationship between c/Neff and β in the temperature interval of 25-150
 oC. 
 
  To sum up, it can be concluded that the β value is mainly determined by intrinsic 
property HA and extrinsic property c/Neff. The higher HA and c/Neff result in the lower β. 
 
 
2.2. Determination of the composition of the Nd-Fe-B magnet 
 
  Based on the above analysis of the effects of HA and c/Neff on β, the element Dy and 
Tb improving HA and the elements Cu, Al, Ga and Nb improving c/Neff were added. 
Considering the temperature coefficient α of remanence Jr and Br were greatly dependent on 
Curie temperature Tc [7], the element Co was also added to increase Tc. In order to determine 
the optimum composition proportion, a series of experiments were carried out. Finally, a 
Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1  magnet with low β was produced, and another 
magnet with a composition of Nd25.5Dy5.6Tb0.3FebalCo1Cu0.15Al0.1Ga0.1Nb0.4B1
B  was chosen for 
comparison. X.G.Cui  et al. /Science of Sintering, 41 (2009) 91-99 
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3. Experimental 
 
   Two alloys were made in an induction melting furnace. The nominal composition of 
the two magnets was (A) Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 and (B) 
Nd25.5Dy5.6Tb0.3FebalCo1Cu0.15Al0.1Ga0.1Nb0.4B1
B , respectively. Flakes were prepared by a strip 
casting technique at the same wheel speed from the 99.9 wt% pure metals Nd, Tb, Fe, Co, Cu, 
Al, Ga, Nb and Dy80Fe20 and Fe81.4BB18.6 alloys. Coarse powders were produced by hydrogen 
decrepitating (HD) at room temperature, and then jet-milled to fine powders with an average 
size of 3.35µm under the protection of nitrogen gas. The powders were then aligned under a 
perpendicular magnetic field of 1.75 T and a compressive pressure of 7 MPa, followed by 
isostatic pressure of 17 MPa. The green compacts were sintered in vacuum for 4 h at 1090 C. 
After sintering, the magnets were quenched, followed by the optimum two-step annealing (A) 
for 2.5 h at 910 C and for 4 h at 620 C and (B) for 2.5h at 880 and for 4h at 520, respectively.  
o
o o
  Dimension of green compacts and sintered magnets were measured using a vernier 
caliper. The density of the magnets was determined by the Archimedes principle. Magnetic 
properties were measured using a NIM-500C magnetic measurement device. The 
microstructures were observed under an optical microscope MeF-3 and a scanning electron 
microscope HITACH S-4800. 
 
 
4. Results and Discussion 
4.1. Microstructure of strip flakes 
 
  The microstructures of the strip flakes for A and B magnets are shown in Fig. 3. It 
can be seen that the columnar grains of Nd2Fe14B phase (grey) were separated by the 
uniformly distributed Nd-rich phase (black), and a soft magnetic phase α-Fe is absence.  
 
   
Fig. 3 The typically optical micrographs of Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 and 
Nd25.5Dy5.6Tb0.3FebalCo1Cu0.15Al0.1Ga0.1Nb0.4B1 
B strip flakes 
 
  However, the thickness of the columnar grains of A magnet was about 3 μm, much 
smaller than that of B magnet, indicating that the microstructure of flakes was also close 
related to the composition of the magnet other than the wheel speed. Moreover, the finer 
microstructure of strip flakes could lead to the ideal microstructure of magnets with high 
coercivity due to transmissibility. Therefore, the appropriate composition ensured the high 
properties and low temperature coefficient. 
 
 
 X.G.Cui  et al./Science of Sintering, 41 (2009) 91-99 
___________________________________________________________________________ 
 
95
 
4.2. Sintering behavior of A and B magnets 
 
  The linear shrinkage ratio was calculated by (l1-l2)/l1, where l1 denoted the dimension 
of the green compact, l2 denoted the dimension of the sintered magnet. The linear shrinkage 
ratio in different directions and density of A and B magnets are listed in Tab. I. It can be 
found that the linear shrinkage ratio of the B magnet in various directions was smaller than 
that of the A magnet, implying that densification of the A magnet was better than that of B 
magnet.  
 
Tab. I The linear shrinkage ratio in different directions and density of A and B magnets. 
 
Linear shrinkage ratio (%) 
Magnets  Orientation 
direction, a 
Non-orientation and -pressing 
direction, b 
Pressing 
direction, h 
Density 
(g/cm
3) 
A 33.2  23.2  17.7  7.71 
B 30.0  18.4  13.7  7.64 
 
This was approved by magnet density, with the value of 7.71 g/cm
3 for A magnet and  
7.64 g/cm
3 for B magnet. It is mainly attributed to the composition of the magnet when the 
sintering temperature is same. 
 
 
4.3. Magnetic properties and microstructures of A and B magnets 
 
  J-H demagnetization curves of A and B magnets are illustrated in Fig. 4, and their 
magnetic properties at 20
oC are summarized in Tab. II.  
 
Tab. II The magnetic properties of A and B magnets at 20
0C  
 
Magnet  Br (T)  Hcb (kA/m)  Hcj (kA/m)  (BH)m (kJ/cm
3) 
A 1.12  875  2336  245 
B 1.26  944  2019  294 
 
  It is clearly shown that the coercivity of the A magnet was much larger than that of 
the B magnet, which is mainly attributed to the microstructure of the magnet besides 
anisotropy field HA. 
 
Fig. 4  J-H demagnetization cures of Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 and 
Nd25.5Dy5.6Tb0.3FebalCo1Cu0.15Al0.1Ga0.1Nb0.4B1 
B magnets. X.G.Cui  et al. /Science of Sintering, 41 (2009) 91-99 
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  Typical optical micrographs of A and B magnets are shown in Fig. 5.  
 
   
Fig. 5 The typically optical micrographs of Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 and 
Nd25.5Dy5.6Tb0.3FebalCo1Cu0.15Al0.1Ga0.1Nb0.4B1 
B magnets. 
 
  It can be seen that the grain size of the A magnet was smaller and more homogeneous 
than that of the B magnet, which was consistent with SEM micrographs of A and B magnets 
in the anisotropy direction, as shown in Fig. 6.  
   
Fig. 6  SEM micrographs of Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 and 
Nd25.5Dy5.6Tb0.3FebalCo1Cu0.15Al0.1Ga0.1Nb0.4B1 
B magnets in the anisotropy direction. 
 
  This is closely related to the microstructure of strip flakes, as shown in Fig. 3. It can 
be deduced that the c/Neff value of the A magnet is bigger than that of the B magnet, which 
resulted in higher coercivity, suggesting better thermal stability. Therefore, the thermal 
stability of the A magnet was investigated. 
 
 
4.4. Thermal stability of the A magnet 
 
  In order to weigh the thermal stability of a magnet, we measured the temperature 
coefficient β and α. The variation of β for Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 magnet 
with the temperature interval is shown in Fig. 7. It can be seen that in the temperature interval 
of 20-150 C, β was only -0.385 %/ C, much smaller than that of thr B magnet with the value 
of -0.488 %/ C, which meant H
o o
o
cj decreased more slowly with increasing temperature, 
indicating that the thermal stability was greatly improved. Although the absolute value of β 
was lightly bigger than that reported by Gong et al. [14], Hcj in the paper was much bigger 
which made the coercivity higher at the same temperature. For example, at 150 C the 
oX.G.Cui  et al./Science of Sintering, 41 (2009) 91-99 
___________________________________________________________________________ 
 
97
 
coercivity in this paper is 1168 kA/m which is higher than 876 kA/m reported in Ref. [14]. 
This suggested that the operating temperature of the magnet in our paper was higher. 
 
Fig. 7 The variation of β for Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 magnet as a function 
of temperature interval. 
 
 The  lower  β is mainly attributed to the following reasons: firstly, the added Dy 
substitutes Nd to form Dy2Fe14B, and the anisotropy field HA of which is 11940 kA/m very 
higher than that of Nd2Fe14B, with the value of 5333 kA/m [11], so Hcj  can be greatly 
increased and consequently β is decreased. Secondly, additions of low melting point elements, 
such as Cu, Al and Ga, can improve wettability of the Nd-rich phase to Nd2Fe14B matrix 
phase, thereby making the grain boundaries clear and smooth, as shown in Fig. 5. Moreover, 
the addition of Nb with a high melting point can regularize the grains [9]. Both are beneficial 
to improve c/Neff, thereby decreasing β. With increasing temperature interval, the absolute 
value of β decreased gradually. Contrarily, the absolute value of α increased as the 
temperature interval increased, with a value of -0.089 %/
oC in the temperature interval of 20-
150
oC, which is much smaller than that of Nd2Fe14B, as shown in Fig. 8.  
 
 
Fig. 8 The variation of α for Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1 magnet as a function 
of temperature interval. 
 
  This is mainly attributed to the effects of Dy and Co additions. The heavy rare earth 
Dy moment is ferrimagnetic coupling with Fe moment, which is different from the X.G.Cui  et al. /Science of Sintering, 41 (2009) 91-99 
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ferromagnetic coupling between light rare earth Nd and Fe moments. As temperature 
increases, the variation of Ms for Dy2Fe14B is contrary to the monotonic decline of Ms for 
Nd2Fe14B, resulting in temperature compensation of Ms and subsequently decrease of α. 
Moreover, the addition of Co decreases the negative exchange interaction of Fe-Fe, improves 
the Curie temperature Tc, and therefore decreases α. 
 
 
5. Conclusions 
 
(1) The reversible temperature coefficient β of intrinsic coercivity is mainly determined by 
anisotropy field HA and microstructure parameter c/Neff. With increasing HA and c/Neff, the 
absolute value of β significantly decreases.  
(2) Nd22.5Dy10FebalCo1Cu0.15Al0.4Ga0.15Nb0.4BB1  magnet with low β was fabricated. At the 
temperature interval of 20-150 C,  β is only -0.385 %/ C, which is attributed to the 
improvement of H
o o
A and c/Neff. Moreover, the small value of α is also obtained, with the value 
of -0.089 %/ C in the temperature interval of 20-150 C, which can be explained by the 
temperature compensation of M
o o
s and improvement of Tc. 
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Садржај:  У  циљу  смањења  температурних  коефицијената  синтерованих Nd-Fe-B 
магнета анализирани су фактори утицаја на температурне коефицијенте, нарочито X.G.Cui  et al./Science of Sintering, 41 (2009) 91-99 
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реверзибилни  температурни  коефицијент  β  унутрашње  коерцитивне  силе H cj. 
резултати су показали да се апсолутна вредност β смањила са повећањем H cj као и 
однос  микроструктурних  параметара c и N eff  указујући  на  то  да  повећање 
магнетокристалног  анизотропног  поља H A  и c/Neff  могу  да  ефективно  смање 
апсулутну  вредност  β.  На  основу  ове  анализе  произведен  је  синтеровани Nd-Fe-B 
магнет са нискотемпературним коефицијентом Hcj при чему је вредност β била само -
0.385 %/
 оC у температурном интервалу 20-150
оC.  
Кључне  речи:  Синтеровани Nd-Fe-B магнети;  анализа  фактора  утицаја;  магнетна 
својства; нискотемпературни коефицијент β. 
 
 
 